
Longitudinal patterns of metabolism in a southern Appalachian river 
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Abstri i i t  LLc  investigated longitudinal patterns of ccosvstem metabolism (primary- production and 
respiration) at 3 sites along a 37-km segrliei~t ~ ) f  the l.ittle 1't.nnessce lI~\*er (I-TIZ), North Carolina. 
Thvsc sites corresponded to 4th- to 6th-order reaches In thc LI'R in an attempt to identify the tran- 
i:tion !roil> I.ieterotroplric to ar~totrophii cond~tions in this river ecosystem In addition, [vr coinpared 
aiitochtl~onous C production to supply of coarse I ! I ~ ~ I I I C  rrintrr~al fro~ii direct litter fall and c~~traisi-  
rnei3t froin tile floodpiair\ during floods to drterrn~ne the contributions of each to ritrer encrgetlcs on 
an annual bas~s Metabolism ~vds rnt~asilrc,d a t  several times of year at each site using the single- 
station d ~ e l  oxygen change method a i d  reaeration estlrnated by the energy dissipation method. Gross 
primary prodiiction (GI'P) ranged from 0 07 to 1 92 g C nl- d - '  and increased --3-fold from upstream 
to downstrcain Respiration (I?) ranged from 0 27 t o  2.32 g C m-2 d - '  but did not change along the 
river continiium Net ecosystem production (TEI') and I'iI? consistently silowed that metabolism 
ivas hcterotrc>pl-ric in upstream sites and hecame autotrophic in the site furthest downstream. Cal- 
culated trans~t~onal P/R ( i  e ,  where heterotroph~c respiration is supported equally by autochthonous 
dnd allochtlionous C sources) siiggcsted that t l~is heterotrophy--autotrophy shift occurred further 
upstrram than where I'/R = 1 .  Annual rates of (;PI' wc'rt'3 tiines higher than litter fall and floodplain 
Inputs of C, but I< was hlgher than total C input suggesting that unineasured C sources must be 
iimportant for C dynamics in the ITR. 7'hc dlffei-ence between measured C inputs and R decreased 
aloiig the river continuum becaiise of a 3-fold increase ;n GI'I' with little change in allc>chthonous 
input and R Our rc.sults suggest that the lSrR changes from hcterotrophic to autotrophic along this 
strctdi of river and that diitochtlionous C soul-ccs become more important for respiration and sec- 
ondary production at downstrean-r sites. 

Key rtards primal-y production, respirat~on, ri\.er continuun1 concept, mid-order river, carbon 
budget, allochthonous inpiit, soutilein Appalachians 

~ l l t h o u g h  the contrast between allochthonous 
and au tod~ thono i i s  C as the energy bdse of 
s t reams has  hccn a irurtful area of research, 
both C sources can play a n  important  role in 
stream eccjsysteni ~ n e r g ~ t i c s .  Ecosystems in 
nli ich I-espiratory dcmanci is highcr tlia11 pri- 
mary prvdilctioii rely on o r g a n ~ c  niaterr'>l irn- 
portcd irom outside the s!.stem. 1-or cx,implc, 
inany headwater s t reams a rc  det r i tus  based, 
and  pi-iniary production represents only ;I mi- 
nor supply  of C (e .g ,  Fishisr and  l i k e n s  1971). 
I11 contrast ,  when prlinary p n > d ~ c t i o ~ i  IS higher 
tlian respiration, surplus  C is either stored or  
c'xpo~-ted to other s!.stems. I'rimary prodiictro~i 
iii sirearns jvith o p t ~  carlopies often cxceeds 
rc.sp~r.ltmn (blinsliall 1978). ?'hi% ratin bctwt'en 
primary production (1') aiici respiratio~r ( R )  has  
b c e : ~  rrsrd to drfrne ecosystems as hc~terotrophic 
(L'jR -< 1)  or ,iiltotroptnic (l ' /I i  > I ) ,  drld these 
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tciins have been used to infer the  pr imar)  C 
source for eco5gstems (originally, Odum 1956) 
I l o m e \ e ~ ,  the s l ~ n p l e  balance of prrmary pro- 
duction a n d  respiration does  not  necessarrly un- 
dlcate \.L ht)ther autoc hthol-rous or allochthonoiis 
C 15 m o i t  ~ n i p o r t ~ i n t  to cios! s tem reip~ratictn or 
iecondary production ( R o s e n f ~ l d  a n d  hlackav 
1987, Meye1 1989) Organi i rns  rn largely hetero- 
t l o p l ~ i c  ribers mav  it111 rrly o n  autochthonoiis 
pr(xluc tlon (plariktonic and benthic) a s  the prl- 
mark C source  for s e c o r ~ d a r ~  p r o d u c t ~ o n  (Tho ip  
and  Delong 1994, 2002) 

Vaniiote et  a1 (1980), In their rl\ er  c n n t ~ r i u u m  
concept (IICC) suggested that ecosystem nie- 
taholiinl  \hil ts  froin heterotrophy to a u t o t ~ o p h y  
along a cont inuum from headna te r s  to d o h n -  
s t ream hlanp studir5 h;lr e dcmon5tr;ltc.d s u p -  
por t  for the RCC, p a r t ~ c u l ~ i r l j  rn regrons where  
licad\.cattr i t ream5 a re  foreited (Bott e t  al 1965, 
Naiman ct a1 1987, \41nshall et  a l  1992) In 
these regions, mid-4rzcd ri\,ers (4th- to hth-or- 
der)  generally represent metabolic t i  a n s l t ~ i m  
/ones  between forested heterotrophit  s t reams 



anti open-canc,pied autot~ophic rrlcrs ( \annote 
et dl  1980, Vlott et a1 1Yh5, Vaimaii et al 1987, 
h l in~ha l l  et al 1992) LJv stud) iiig metaboi~srn 
in 4th- to 6th order stream rpaclici, we can dc- 
t t imine the location of the lieterotropl-iic to au- 
totroplilc transition and asiociated iongitildinal 
changes in C suppl) hiid demand 

11-1 addition to the balance bet t \cm produc- 
t7or1 and icspiratron, we can compare the 
~ ~ m o u i i t  of C coining from diffeicnt sources at 
s i t ~ s  along a rl\er conti1-1urlni to detcmniiic tlic 
potential importance of each eiie:g\ iuurce to 
e i o ~ v s t e i ? ~  respil atlon Sources of allocii thoncrus 
organic rr~at t t r  include particulate and dissolved 
organic matter from upstiearn ' 3 r d  trlbutarlci, 
litter fail trom rlparian ~ege ta t ion  ( ~ n c l u d ~ n g  
bloil-in), and entrainment of organic matter fol- 
l o ~ r i n g  floods 71ie rclatlve Importance of direct 
oi ganic matter input from llttcr fail decreases a, 
one moves doi.c.11 a 111er contlriuum (Conners 
and haiman 1984), M hcreas autochthonous pro- 
ciuction geneiall .~ increases (Naiman r t  al 1987) 
I lo\$ el er, streams and rivers mav rt7ceive large 
arncmnti of c~llochthonous organic mattrr from 
intt>raction lk1t11 the floodplarn during floods, 
and thew inputi of organic ni~3tter can be im- 
portant for rcsp~ration and sc iondar \~  12roduc- 
tion in itreams (Cuflncy 1988, Mtaper and Ed- 
~ n r t l i  1090, Smock 1990, \il\lallacc t>t a1 1997) 
~ 2 ~ t o i l i t l i o n o ~ i s  production can toim thr C ha i r  
tor icwd \vcbs in itrcaini that haw. open c<+no- 
pies ~ ~ C ~ U S C  of a lack of trecs o r  ~ l d e  tkiannels 
(\lin.;!iall 1978, liosenfcld and Rlackay 1987) 
I uithermore, light often pi-wctrates to the bot- 
tclrn of mid-\wed ri\ cis, adding to their 'oten- 
t1a1 to iupport  higli rates ol piirnar) prodilction 
(1-1111 ,ind l\'eLc.bstcr 1982) 

I?i\crs 111 the Appal,tcI-1l'in Moiiritaini of the 
ea\tt,rn Lnitcd Stat t i  arc1 etologicail~ ~rnpor t~ in t  
svitcnii that pro\ ide a good opportunit) to eu- 
amiiic ic~ngitudiiial paticins in rni,taboliirn ,lnd 
org'lnit mattcLr i~ippl! it\ ?raI ri\ i r i  tlie Ap- 
p ~ l , > c l ~ i n i ~ s  begin in i teep foicsted terra~n,  f l n ~ v  
tI-11 oiigl-1 lo!\ -g~adlcn t  \ dlleyi, and then cut 
tlri<tugh the niountains (Hack 197.3) 1 iead\vatcr 
i t i  cams In the Ipp'~lachians are extreincl~ hclt- 
eit)tiophic ( r g ,  hfull~olland et al 2001) and 
h a ~ c  bceii intt~niivelv studitd (see rt.vle\k '1V'11- 
Iacc r! a1 1932) but Irttlcl rc,\earch has b e r ~ i  done 
on riirtaboii\in in Appalachian ri\er s l i t c m i  
!cxccpt 5c.e llill and \\'eLxter 1982) Mid-older 
rc~,til?c~s of AppcjIaihian r11ei-s I ia~r ,  Iiigh niac- 
roin\eltcbr;ite di\c,isit) (\\lc~llcice clt a1 1'192, 

C;rubaugh et al lciOh) and high secoiicfar~ pro- 
duction ( C ; ~ L I L ~ ~ ~ ~ I ~ I I  et a1 1997) H o b  ever, these 
mid-sized ri\ e r i  remain pool lc studied because 
of tlie d~fficult\  in sampling (LVallaie et al 1992) 
, ~ n d  tlie focus of itream ecologists on srnall 
streams or large iI\ers (Webiter et a1 1995) 

Our  main objective was to investigate t ~ e i i d s  
In metabolism arid C supply along a rlvel con- 
tinuum from 4th to 6th order By ~estricting our  
study to mid-oidrr reaches, we  sought to iden- 
[if) ihifts from heterotrophy to autotrophy and 
from aliochthonous-don~inated to nutochtho- 
nous-dominated C supplv We measured met'ib- 
olism seasonall\ at 4 sites along a mid-sized ri\ - 
er in westein Loitl-1 Carolina L2'e then com- 
pared primary prodi~ction to direct litter fail 
and f loodpla~n input of organic matter to deter- 
mlnc \vhich C souice Ilkely supports ecosystem 
respiration at each site 

Methods 

Sti~djl sites 

Metabolism \vas measured at 4 sites along a 
36.5-km segment of the I.i(tle 'rt~iinessee River 
(ITlC) in L,lacon and Swain counties, North Car- 
olina (Fig. l ) .  Sites 1 arid 4 were located -27 
and 63 km downstream of thi. r i \ v  source in 
northern Georgia, respectively (Table 1, based 
on a 1:150,000 scale map).  Ele\.ation decreases 
from 618 to 586 m along this segnient of river 
('Table I ) .  The 2 upstream sites ( I  and 2) are 4th- 
ordcr reaches (stream order based on Strahler 
[I9571 using 1:23,00(1 USGS topographic maps) 
where the L'PII f l o ~ r s  through a broad allu\rial 
\.alley and has '1 relatively flat, sandy bottom. 
1 ~ ~ 0  lLlrgr tributaries join the [.TI< downstrram 
fi-om site 2 making qitc 3 a 5th-order rcdch (Fig. 
1)  with approximately doublc the discharge of 
site 2 ( I j h l c  I ) .  11-1 addition, dilution from these 
ti-ibutaries, notably the Cullasrlja lii\w-, causes 
rtxduced specifrc conductance in do\vnstrram 
sitrs (,I00 FS/cni at sitcs 1 and 2 to --65 kS/  
cm at sites 3 and 4, ?able, I ) .  The l 1 R  flows 
through the toxvn of 1:ranklin ancl a small res- 
ervoir (L.akc Emory) bct~vc~.n sitc.s 2 and 3. Lakc 
Emory \v,is designed as a surface release hydro- 
electric fac.ilit\z in 1'127 and is no\v mostly fillecl 
with sediment (NC'IILVQ 2002). L,ake Emory 
likely continues to rctain scdirlicnt and organic 
mcitcrial, but our sites are several km away from 
I..ake Iin-iory (Site 2 is 10 km upstrcldm, arid S ~ t e  
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(Site 1) 

Fit; I StildY rcaches and inajor trihut'3rles of the i.ittle Tennessee ibver Inset ~ 1 1 0 ~ ~ s  the southeastern LjS, 
the enlarged area 1s represented by a black rectarlgie on the inset 

3 is 5 hn1 doi\nsirearn) I herefore, we feel that 
difftrences in rnetabolisrn along the t i \ c r  'ire a 
result oi increasing ri\.cr size more than rcser- 
voir impacts 'Thc LlI'li becornes 6th order bt.- 
tween sitcs 3 '3nd 4 after its confiiience wit11 
Co.rvec' Creek (Fig. 1). At the 2 dow~iistreain 
sites, the rive1 vallev is constrained, and tlie 
iubstratc ic)nsi\ts of a mix of bedrock, large 
bouldei c ,  and band A\ crage ten~peratur e in- 
treascd from 14 7 C at iite I t ~ )  I6  0°C at site 4 
(Table I ) ,  but temperatuie range \\.'lr greater 
iio.rzznstrt.am i, it11 both the coldest (5 4 C)  and 
warrnebt (23 8°C) recorded trmperatures occur- 
ring at site 4 [Depth i i  greater ,it d o n n s t r c a n ~  
sites (Table I), but light appcaied to reach the 
bottom at site on ail sampling dates Llc- 
spite the steep gradient d t  i i te 1 ,  r i \er  gradient 
is gcncrallv grcatcr do\\ nstream of F1~3nklin 
( G ~ u b ~ ~ ~ i g h  ct a1 1906) 

I.,lnd use in the basin is prcdominnttly Nan- 

tahala n"1tiona1 Forest in tlie uplands and pas- 
ture/hay i~e lds  in the \allt!~. Riparian \.egcta- 
tion consists of inixed deciduous trees dorninat- 
t ~ d  by sycamore (Pluti7r1us ncc~drntal~s), black w'11- 
nut ( lu~lui ls  n i ~ r i l ) ,  Anlerican hornbeam 
( C u r j 7 ~ 1 u ~ - n r o l i 1 1 l u i n a ) ,  and red maple (Acc,r rub- 
rum),  but tht~se trccs arc often restricted by ag- 
riculture to a nari-ow strip along the ri\rer (Nca- 
trour 1909). The riparian /.one is more heavily 
lorcstcyi do~lnstreai l i  of Franklin, but agricul- 
ture is still common in thc river valley. 

lVe uscd a \lngle-station, die1 crukgen cur\le 
techiiiquc to measure grusi prirl~nrl production 
((;PI'), ccobvstern re4piration (li), net ccosysteni 
production (NF-I' = GI'P I?), and primary pro- 
duction to respiiatioi'r 1-atlo (l'/li) 1% ~ncasurcd  
rnrtabolism in 1998 (July, August, and Novenl- 



I 1- 1 Pl~ylcal characterist~ii: of sttiii\. locations on the 1-ittle 'Icnnrssee Ri\,er b l u e s  are incans with 
rang?  i n  pari,nthesrxs or t 1 SE Dowi~itrearn d~stance is froin the ri\.er so:irce based on a 1.150,000 niap 
Tt:~nperati~rr 2nd conductl~.it). t\.err r-rieasiirrd c~)nciirrentl>, with n-it~tabolism. U~schd~~gt~, width, dcpth, \.tiIoc!t!: 
and t i l t '  reael-atiol~ c.oefflcrent, k?,?,.,,, krere rneasurcci durlng d ~ c l  oxygen data coileit~on on each date 
-- -- - - - -- - 

Site 
- 

1 2 3 4 

I atltude 
1 ongitude 
I>o'\i~st~earn di5tance ( k m )  
Fie\ 'Ition ( ~ n )  
Icinperature ("C) 

Speclf~c condiictance 
( ~ S i c m  at 25'C) 

h4csan width ( n i )  

h4ean depth (m)  

ber) at sites 1, 2, and 4, and at all site5 In 1999 
iblaich, Ma, June Julv, Augu\t, and November) 
and 2000 (Malch and May) We took ox\gen 
meaiurernti-its at 15-min in te r~a lb  ocer 24-h pe- 
riods starting at midnight u5ing a11 cal tbrat~d 
kJvdrolat-, 12/llnlSondc> 4 u111ts (13ydrolab Coryo- 
ration, 4ustir-i, lexa5) equipped with tempera- 
ture and dissol\zed oxvgen probes We coi rected 
ox\  ga1  \ '~lues mc3asured M ith the sondrs  to dis- 
i o I \ t ~ d  o\c\gen xali1e5 Irorn \2'inkler t~tiation ot 
sv~~ter  san~ples  c ollected i r i  ti-ic. edr I V  inorl-iing 
2nd mid-afternoon from each srtc 

l o  cstiinate inetahollsm from die1 o x \ g t ~ ~  
(ur \cs ,  ; \ e  corrected foi cliar-iges in ox\ gen 
(au ied  bv phvsical ieaeiation 'LVe estimated the 
rcneiation coefficient (L,) using the energy d ~ i -  
slpation metf-iod, b t  hlch u w s  Rater , t,locitk anti 
ri\cr gr'itlient to dttermlne k,  (Isir oglc'u and 
Nt.al 1976, Bott 1996) On eacl-i oxkgen 5nrnpllng 
d;ttc, me rneaiuretl water \elocity u s ~ n g  slug 
iliioride inlectloni to d c t e ~ r n i n ~  travel time 
through a 300-m rt~ach ~ t t  t,ach 5tudt cite We 
nlcasurcd the gr'ldient over c'lch 300 n~ s t u ~ i y  
ie,>ih u5lng a t rans~t  and itadlci rod To deter- 
mine oxygen exchange acrois the matci sarf,~cc~, 
M C  multiplied k, (at ambierit stream tempera- 
turc) b\ \,ltuiation deficit The saturation i l r f l c  lt 

1s the dlffercncc between measured ox! gen \ d- 
ues and equilibri~irn oxygen concentraticms at 
stream ternper'1ture and ai-ilblent baronietr~c 
pressure (.AIWA 1998) We monrtort.d baromet- 
ric pressure cont~nuoilsl!. at Coweet,~ Hydrolog- 
ic Laboratory (within 25 kni of each site) ubing 
a \'aisala p r e ~ s u r e  transm~ttcr equipped with a 
Campbell data logger lVe colr ectcd bai ometr lc 
pressuie \ alues for c lc \ -a t io~~ dif fertmes be- 
tween Cowecta and each site 

We c ~ i l ~ u l ~ ~ t c ~ d  GPI' bv irltiAj;rating the d1fft.r- 
cncc be t~ve tn  rcaeiation-coi I t ~ t e d  drisol\ ed ox- 
) gcw changes and cstimC%tcd c?ai t1r11e I7 l i  
calculated using rcncration-currrcted dissol\cd 
oxygen change and ,i 2-poir~t linear rclgresslcxi 
between dawn and dnsk \\'tt assumed d a v t i i ~ e  
I? to be equ,~l  to nighttrme I\: \Ze es tab l~s l~cd  
trmsects cvert 50  m h i th in  a 100-m reaih at 
each site and rneaiurcd depth at ieveral polnts 
along each transect on each inmpling date LVc 
nlultiplieci (]I'I' and 13 b\ a lerage depth to con- 
\er t  from \rolun~etric to areal [init\ 'LVe convert- 
ed GT'I' from oxvgen to C units bv rnuii~pl\ring 

the atomic iatlv of C to 0, and dl \  i d ~ n g  b\ 
a photos) ntl~etic quotient of 1 2 (13111 et al 2001) 
\Vc, then con\es ted GPI' to NI'I' (hI-'I3 - G1'1' x 
0 556, h rs t l akc  1973, Liken5 1975) for c o r ~ ~ p a r l -  
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son to other studies LYe conlei teci I< to C' units 
bv mul t~p l \ ing  bv the atomic ratio of C to O2 
and d ic.spirato~-) quotient ot 0 8 i  (l%let7cl 1981) 
CVe deterrnrncd mean CPP, I<, \El', and I'/R for 
each srte bv averaging data from all sampling 
dates \tie determined iongitudirlal t~encis in 
inetabolisni b\ regressing the mean ctt each met 
abolic paranietc~r against poirtion of itud! srtes 
along the river continuurn lVe perfolrned all 
itatrstical ariL~l\ses using 5.45 (version 8, SAS 
Inititute, Car)-, North Carolma) 

heatrour  (1999) quantified allochthonoui in- 
put ot coarse part~culate organic matter (C'I'OM) 
to the LTR from direct l~ t te r  fall and entrain- 
rncnt froni the floodplain during tlc>ods \Ve 
used data from h ~ s  sites closest to our inetabo- 
]ism %ampling sites to estrniate annual allocli- 
thonous C load of CPOM to these reaches of the 
LTR M'e cornpared annual C supply from au- 
tochthonous (CPP) and ailochthonaus (d~rec t  lit- 
ter fall ,inti floodplain interaction) sources to de-  
termine loi~gitudinal patterns in C iuppl)  In 
additio~i,  \ t e  calculated the anriual C def~cit bv 
slibtracting total C input (C;I'IJ allochtho~ious 
CI'OM) tiom annual R to detcrmirie how these 
inputs cont i~bute to the energetics of the ITII 
CZc obtained L>iinual CI'P and I? ~ , ' i l ~ ~ e s  by mul- 
tiplying a v c ~ a g e  dally valuei by 365 

h4ca11 C;I3P ranged froin 0.39 g C m-?  d at 
site 1 (upstream) to 1.1 1 g C nl-" at site 4 
(doi t~nstrc~im).  CI'I' increased signrficantly with 
ciistarice do ivns t r~am (Fig. 2; lincar rc,grrssion, 
I.' rz 0.c)17, p = (1.027) Mean I< rangid fi-om 1 05 
g C' rn d ' ~ t s i t c . 3  to 1.4.3 g C r n  2ii  ' ,3tsitc> 
1 but ~iici not vxhibit a signiiicai~t longituciinal 
trerid. hllcan NEP Lvas neg,~tr \~e at all sites and 
r ' lng~d  Iroin -~1.04 g C: ni-? ii ' at site 1 to -0.09 
g C nl ' d - I  at sit? 4. NEP i n ~ r e ~ i s e d  tvith dis- 
tance cio\4rnstrearn (linear regrcs.;ioii, 1 :  =- 0 921, 
p - 0.030). Llca~i I'/li ranged from 0 3 2  at s ~ t e  
1 to 1.01 at s ~ t e  4 and increased ivith distance 
iiou.nstrenm (linear regression, I.: = 0.953, 11 == 

0.024). 
C supply (Ci'i3kl and GI'I') to the 1JTR aL7er- 

,~ged 312.9 g C m ' v-I with 23.8'70 from alloch- 
tlior1ous CI'Oh4 sources dnd 7h.2'!; from autoch- 
thonous production (Tablr 2). 'The relative con- 
tribution of ,ilIochthoiious C sources of Ci'OM 
ciecreascd from 36 3%. to 1 3.b0i> o\vr t l ~ c  length 
of r i \ w  studied. llirect litterfail input to the riv- 

er decrc,ased per unrt area a s  the rl\cl got larger 
1 lood input of C 1'0hI ranged froni 16 2 g C ni 
v at site 2 to 26 8 g C 11-1 11 at site 1, hut 
input larred dramat~call\i because of drfferrmtial 
inundation and entralninent (Ileatrour 199'1) 
Annual respiratory loss of C was highest at site 
1 (522 7 g C m y ') and lowest at s ~ t e  3 (184 5 
g C 111 I I )  Annual respiratory loss \bas great- 
er th'tn C rnput for the L l l i  indicating a C deficit 
o f  124 0 g C rn y ', but thii  \slue ~ a r i e d  
among s ~ t c s  The annual C deficit (respiration ', 
input) \+as 299 7 g C m y ' at 5ite 1, but thcrc 
was an annual C iurplus (respiratictn -- Input) 
at site 4 of 70 1 g C m y 

Discussion 

hletabollsm in the LTI? was srmilar to values 
rep01 ted in other s t u d ~ c s  of niid-sized rl\ ers in 
the e a s t e ~ n  Unittd States (Table 3) YI'P at our  
~ lps t ream sites was l o ~ t > r  tlian reported for 0th- 
cr 4th-order strcanis, but several of tho5s 
streams wt>re in agriiultural regions of the mid- 
hrest where prrniari production was high bc- 
cause of hrgli nutrients and light (Tlrmer 1970, 
\Yrley et a1 19LKl) bValker Camp I'rong, in the 
Great Smoky Mountarn Natrona1 I'ark, Tennei- 
see, had the lohest KI'r' of streams conipared 
111.1e (Mulholland et a1 1986) Although %PI' at 
our up.;ticani sites Mas low, our downstrc~am 
irtes had NI'I' \aalues that weie liighei than 0th- 
er e ~ i t e r n  US streams ( H o s k ~ n  1959, IHor11berg~r 
et al 1977, Sumner and Flsher 1979, Hi11 and 
\I1ebstc~r 1982, Bott r t  al 1985) but lower than 
itreams frorn the midue i t  (Rott et a1 1995, WI- 
Icv rt a1 1990) hI'i' at our most d o ~ v n s t ~ e a r n  
iitc M R S  bery 51nlilar to the New R ~ v c l ,  Virginia, 
ariother m ~ d - i i ~ c d  southern Appaladtiari riber 
(I  1111 and \%bster 1982) 

R In our 4th-order iites was 1.i ithrn the range 
reported for other snic~ll r i lers  (0 26-6 09 g C 
m ' d ) diid \La.; higher t h i n  ciiamber I? estr- 
mates ( l i r o ~ t n  and K ~ n g  1987, hal lno et a1 
1988) Uesprte the impact of humans on thc [TIT 
from ~mpoundment  and agriculture, the Rar~ tan  
I i i ~ e r ,  New Jersey (F1t.mc.1 1970) and \k>irnilion 
I i ~ ~ e r ,  Illinois (Wiley et a1 1990) had r n u ~ h  high- 
er R as a result of nutrient loadirlg from dgri- 
cultural or rnunic~pal sourte5 I< in our d o ~  n- 
itroam reache5 51mrlar to other riters In the 
ilppalachiani (Hornbc~ger  et  al 1977) but \\a\ 



GPP = (0 019 x river km) - 0 172 

13 
? = 0 947 p = 0 027 

1 75 1 R = (-0 004 x river krn) + 1 370 
1 ? = 0 1 5 8 , p = 0 6 0 2  

-u 1 5 0  1 + 
s 

NEP = (0.023 x rlver krn) - 1 542 
j! = 0.921, p = 0 040 

u I 

1 5 1  / PIR = (0 017 x rlver km) - 0 097 
I - 0.953, p = 0.024 I i -  
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Distance downstream (krn) 

Fit, 2 Rclatioi~sh~ps bctmetn gl.05~ primary production (GPP), rcsplratlon (R), net t,cosystern prodwt~on 
(NISI'), and primary prodi~ction to rcsp~rat~on (P:IZ! ratio 2nd dlstanct' do~.nstreanr from the tleadi~~ati~rs oi 
thc 1.ittle Ic~nnessr R~ver \'alui,s 'ire mean, (! 1 SF) of each sitc I'hr dashed line represents I'/R =. 1 

lower than agr~c~r l tu ra l  i'iZ'ili~y ct al 1990) and m a g n ~ t u d e  a1011g r i \ e ~  coiit~nua hlinihall et al 
blackmatel rl\er\ (Ldwarcls and Mcyer 198'7) (1983) obser\cxcl Iong~tudlnal lncrcaiey of slml- 

lar niagnltude 111 GI'I', but these wcle mea5urecl 
across larger changes in stream size. Meyer and 
Edwards (1990) showed a remarkably similar 

CI'P ~ncrcawil  ?-fold from s ~ t e  1 to s ~ t e  4, and Ir-icrease f ~ o m  4th-ordi~r Black Creek, Ceorgla, to 
othcr < t ~ l d ~ r s  ha\e 5hown Inclcases o f  iirnilar 6th-older Ogcethee Rr\er, Georgr'~, sltes ~ ~ t h  



' T A H L F  2 An!iunl C ii?put and output (g C' m ' y - ' )  from dlfierent soi1rce5 to the Little 'Tennessre i i r~cr  
.Allochthonous inputs were measured by Nzatroiir (1999) at sites nrar rive] rnc~t~~bol~si-ri sites. T'ercent of to:al 
input is in piireritI>eses below input valucs Xjtal alloci~thoii;~i~s is the sum c>t direct llthter {all and flood r i i p ~ t  

of coarse particulate organic matter Set C deficit is raiculatcd from rc.spirdtion [R) mirlus tot'il input Values 
tor  ailochhthonous inputs wcrc convcrteil from ash-irce dry riiass (IIFDM) to g C using g C = 0 5 g AIZDhl 
(\ilcper and Eti~vards 1990) GPP - gross primal-y production 

-- -- - -- - -- 
Iota1 

Direct l loud alloch- Total C Net C 
11ttc.r fall inpilt thonous C,I'P input R defrclt 

Laluei that vwre almost idrntical to mean GPI' 
for 0~1r iites In tlie LTI< Vannotc et al (19110) 
predicted a decliric in GI'i' downstream of bth- 
0rdt.r rivers bezduie of incr eased turblditv 
lHowe\ cr, mid-ir7rd rivers in the \out l~ern Ap-  
palachian\ (e g , New Riler, rrencli Broad, 1'1- 
geon, LTli) are clear, mrde and 51iitilo1v as they 
cut a< I O S ~  the niouiitains 
I ongitiidinnl trends of R are dlfficuit to pre- 

d ~ c t  becauie stuci~es lid\~e sho\vi7 dtffercnt rv- 
s~ i i t s  i hcb 11 11 dlci not exhibit a significant Ion- 
gitu~iin,il trcnd and Vannote ct a1 (19110) did not 
piedict iongrtuclinal changes in I< Tui tht~rmorc, 
Minihail et a1 (1981) showed that iongitrldinal 
R dvnainics \vere xarieble and dcpcr-idcd on i(,,t- 
\on Iicwe\ cr, st.vc.i a1 s t u d ~ c i  ha\ c dt~inonstr,jt- 
r d  loiigrtudinal i:rcrease\ in i< \finshall c3t a1 
(19'12) attributed longitridit~al incrc,aies in I< to 
~ritotropl-iic act]\ it\.  11-1 the hlghI\ autotrophic 
b l m o n  I i i ~ c r ,  Idaho Meyer and r d ~ v a r d s  (1990) 
attributt,ci ~ 1 0 ~ 2  nstreani increaies 111 I< to hctcw- 
tropliic act11 it\ supported t x  hig1-i a!lochtho- 
riiiui C 111piit frorn n p a  Ian s\trarnpr in '1 blat h- 
~~7ati.r stre'irn \)stern in C;eorgia K 11-1 1 lugh 
\ \  hite Creek (Ziluiholland et a1 1997 as corrected 
by  hl~ilholinnd ct al 1999), a l i e c ~ d ~ ~ a t c r  trrbutarv 
ot thc I l i <  <lt Co\beeta Hvdrologic Laborator\: 
great11 excccdt~i !?I< eitiinatc.s I f  me include 
this hcadi\~ater itre'31n a i  part of our corit~r-irium, 
then R appeal i to dt>ciea\c downitream thi ough 
6th ordtxr 

\El' and I ' /R  ~ncicased s~gni f ican t l~  along 

the stretch ot I l\?cr studied, indicating a g e ~ ~ e r a l  
tendencv for tl-ie ri\er to become less heterotro- 
phic in downitream reaches Thii  result is sun- 
ilar to other ituditss of lorested s t i rams  (h4iri- 
shall et a1 I%?, Naiman 1981, Uott et a1 1985), 
ho.ivc\ rr, rnetabo11sn-i in grassland rl\ cJrs hai  
ge~ierallv indicated little iongitudinal ticrid in 
n1.t i n e t ~ l ~ o l i i m  bccauie of high ( ; I T  rn up- 
itream rrvcr ieachei wheie thtrc i i  no g<illery 
tilrest ( l Z T r l c ~ ~ ~  et a1 1990, Young and Jluryn 
1Y9h) h f e ~ e r  and Ed\vards (1990) suggclstcci 
that N W  wai  a more uicful indicator of organic 
mnttei tianitiions than i7/l< when considering 
C budgets in 5trearn s)  stvmi bt.cause XEP dem- 
onstrntcs the a ~ n o u n t  of C deficit or iuiplus  In 
\ l t~ \e r  and Ed\vardi (1990), N l  I' and I', I1 had 
o p p o i ~ t e  dot\ r~strcam ircnds (NEP decic3~it.d 
wluie 1'1 I< increa\c,tl l o n g i t u d ~ n ~ ~ l l ~ )  becauie of 
tile nwgnltucie of differc,nie bctxveen GI"' 'tnd 
I< Although Mc\cr  nil Ldwarci5 (1990) den?- 
oriitratt'd tlie need for cclutron whrn intcrpret- 
ing n t t  inetaboliirn, both h1 P and I'/R In- 
creaie3 i4 I th diitance  OM ristrcdrn 111 the Lrl< 

(;PI', allochtlionoi~s CI'OM, and ieipirator\ 
losscs of C were uscd to construct a C budgrt 
for each leach in our stud\? r l l t h ~ ~ g l ~  ailocI7- 
thonoui input of CPOXl w , ~ s  5ubstaritia1, in- 
qtream p r ~ m a r v  p c ~ ~ i u c t r o n  \%as 3Y gredtf>r thd1-i 
d i~ t , c t  11ttc.1 fall and floodplair~ ~ n p u t s  t-lo\ze\tr, 



Tnwr I 3 Comparison of metabolic parameter5 ftret primart production [ZIT]  and reipiidtion [R]) i i i  itlearn5 
of similar cirt, from tire cabttin Untted States thebiter et a1 1'195) OSDO = open svstcni dis<ol\cd ox1gt.n 
CHUO charnbei dii\ol\cd oxvgen, CJTC14 = ihambcr "C kot our itudk (boldeci), k P P  = 0 556 > C,1'1' 
(IVritIake 1974, I iLens 1975) - no data 

-- - - --- 

\ PP m 
(i: C (8  (' 

Stream Order Rlrtliod m d ) m d ) Rcfeirncc 
- 

Black Creek, C,A 4 OSDO - 131 Ve\cr and kdiuard~ 1990 
Eiiittahatchie lZi\ er \I5 1 C1iL)O - 0 26 Ydimo ct a1 1988 
C hippcma R ~ \ e t  A, MI 4 CHDO 0 18 0 18 liroun ant i  Krng 19h7 
Chtppewa Ri\tr  C MI 4 CI 1L)O 0 71 0 32 Hroun and king 198" 
I or! Rtver, MA 4 05D0 1 1 5  Fisher and Ca~penter 1976 
L111 1, N C  4 OSDO 0  20 1 3 7  Thls study 
L? I< 2, N C  4 OSDO 0  21 0  98 1 h ~ s  study 
liaritan River 2 h ]  4 OSIIO 1 57 2 71 rlemer 1970 
RaritCui l<i\t>r 3, Y] 4 OSDO 2 19 3 12 klerner 1970 
\'crmii~on River, IL 4 OSDO 2 97 609 lV1leyetal19QO 
LL'alke~ Camp I'rong T h  4 CIIC14 0 09 - bl~ilholland et a1 1986 
Buck Run I'A 5 CI3DO 0 28 0 70 Rott et al 1985 
kort l i i~er ,  'vlA 5 CFITIO 0 38 - Sumner and Fisher 1979 
Kalama7oo Ri\er 1\11 i C HI10 0 63 0 92 13ott et a1 1985 
1 1ttic3 lZr\cr, KC i OSUO 0 21 1 79 1 Io5kin 1'359 
LTR 3, YC 5 OSDO 0  45 1 07 Thrs study 
hlecliumi River, VA 5 OSIX3 0 24 0 92 Ijuinberger ct a1 1977 
Iiivanna Ri\er \ A  5 05110 0 1.3 1 61 Ho1nbergc.r et a1 1977 
So~ith t ork I<i\anna 

l<i \ er \'A 5 05L)O 0 37 1 OR t lornbergtr et a1 1q77 
South Ri~er ,  \'A 5 OSDC) 0 12 1 69 klolnbergcl et a1 1977 
Ifernr~lion J<t\et, 11- 3 OSDO I 65 5 71 U1tley et a1 1990 
11  I< 4, N C  6 OSDO 0  62 1 2 0  This study 
hliddle Oconee RI\ er, LA 6 O5I10 0 07  - 2e15on and Scott 1962 
\'cw Ri \ er \I4 6 C I3C 14 0 55 Hill and \Wt)biter 1W2 
Ogeechet :<I \  cr, GA 6 ChL30 - 2 14 Ldward5 and Mc,\cr 1987 
Vbrn~~lron IZl\cr, 11. h O5DO 0 95 3 42 l\'iIev et a l  1990 
I no lliicr NC 7 OSt-lC) 0 38 1 79 I loskrn 1959 
kcuse R i ~ e r  1 NC 7 O5DO 0 29 0 77 I3oikrn 1959 
Ncuie Rr~e r  2 hC r, 0SL)O 0 05 0 51 I Joskin I959 
I iapp~hat~noc k lii\cr \'4 7 05110 0 97 2 3'3 Flortibcrjier ct al 19'7 
L)l~riiigbee I < ) \  cr 1\15 7 Ci 1110 - 0 83 Zaimo (,t al 1988 
Li.1 m~lioii 1Zr\et I1 7 OiL1O 0 68 2 65 \lilc) et al 1Q90 

thc  con-ibincd sources oi C were  not large 
c1-ioug1-i to accotint for R In the IJl'li. 'I'hc annual  
C deficit indicated that rc?spiratc)ry d e m a n d  was  
- 311% (-124 g C r n ?  y ' )  higher than measured 
C ~ n p u t  to the 12-R, but the siye of the C deficit 
\ z , ~ s  not coiistaiit among  sites. Respired C was  
- hOY,j higher th;ln measurcci C sou~-cc>s at  site 1 

a n d  -7':jo l o~vvr  at sitc 4. Allochllloi~ous inputs  
dccreased loii~;itudinally in the LTR, suggest ing 
that  the longitudinal increase ir-i GI'P accoui-ited 
for  more of li in do\\.iistrearn reaches. 

The C deficit of the I I R  indicates that C must 
b e  rcachiilg the river from some sources othcr 

than (;PI', direct littei fail, and  floodplain intcr- 
action Resea rche~ \  h a \ c  attributed 51milar dls- 
i rcpancie i  bc.tmce1-i C supply  a n d  R to flood- 
plain organic matte! 1nput5 ("vleier and  k d-  
izartis 1990), import from u p s t ~ e ~ i r n  rcachci 
(Young and H u l l  11 199b), and  d i s s o l ~ e d  organic 
C iL)OC', Iidivnlds a n d  Meycr lclh7 C ole and  
Caiaco 2001) The C dcfrcit of fi i igh 1VI-iitc 
Creek wa5 787 3 g C n-i : y based on  I aiuc5 
d c r ~ l c d  f rom othcr s t t i a ~ c s  (UOC' h1eyc.r and  
Tate 1983, l i t t e~  1411 and  t ranspor t  l l e h s t r r  ct ,?I 
1990, FI'OM Colladay 1997, ( ; I T  and  R hlul-  
holland e t  a1 19'37 '1s corrected b j  !vl~ilhoiland 



et a1 1990) Althougli se\~eral additional souices 
of C \ \ere  estimated for Hugli White Creek, its 
annual C deficit 'rz as o\ er t\vice the obser\ ed 
ITR deficit Furthei research into the p o ~ b i c  
iinpact of each of these sources on energetics in 
the LTIi should enable us  to f i l l  in the missing 
components of our C budget 

Yannote ct a1 (1980) predicted that the tran- 
sition from heterotroph~c to autotrophic metab- 
olism iliould occur in 3rd-order rcaclics of 
streams in regions with deciduous ~ege ta t ion ,  
based on the definition of P/II < 1 for hetcro- 
trophic sy5tems and P / R  > 1 for ' i u t ~ t r ~ p h l c  
systems In our studv, I'/R was -1 in the 6th- 
oi der reach of the LTR Other stuilles have also 
demonstrated metabolic transitions dotvn- 
stream of IiCC predictions ( e g  , Bott et a1 1985, 
Mevrr and Fdwards 1990) Llo~vnstrcam meta- 
bohc transition shift5 co~i ld  he explalned b) h \ -  
drologic factors (Young a i d  Huryn 1996) or 
floodplain contiibutions of organic matter (Me)>- 
c,r and Cdwards 1990) In the LTII, hydrologic 
influences, such as tuibidity, were likcly not a n  
Important detcrni~nant  of observed metabolic 
pattc,rns because our study \ \ a s  done at b a x -  
f i o ~  in a rl\er that is not grcatly attecteil b\ 
iedirneiit 1 lo\\ e\ er, the mrtabolic transition 
could be shittcd d o ~ n s t r e a m  in the LTli by al- 
loilithonoui inputs of organic matter and iln- 
suit'~ble iubitrate tor algae in upstream leaches 
Bott (1987) ment~oned geomorphic factois, such 
a i  iubstrate, a5 pottmtially impoi tant deterrni- 
iianti of priinarv produsiioii In stioams 5liift- 
ing, i a r id \~  subitratc upstie'trn o! Fr'lnklin In,]\ 
h a ~ e  liinited bcnthii algal productloii 1 ocal 
geomorphr~logy (Ilack 1973) and iccilnient re- 
tcntlon 111 1 al\ty Emory (NCDWQ 2002) Iihel\~ le- 
iult i r i  iriore stable subitrate for prrmaly pio- 
ducers do\<iistreai-n of I ranklin and could help 
ai~totropluc production In lol\er 1 2  11 reaches 

The application of l'/R to indicate. thcl l~etero-  
truphic-autotiophic transition in s t ieami has 
been critici/ed ( e g  , Fliher and l.ikens 1971, 
hliriihall 1978) bec<luie this index does not in- 
dicate M Iiich C souice (allochthono~is or autotli- 
thonous) s~ ippor t s  secondar\ production (Ro- 
icmield and ,Ma~hay 1987, Mc)er and Fciwards 
1990) lo  ilarif) the C sources of seconciary pio- 
cluters In streanii, M q e r  (1989) r\~alitated the 

trarisitiorial 13/11" propowd by IZosenfeid and 

h4acl\a\r (1987) Traniitional P/II is "the I'/R r2- 
tio abo\ c, M hich the hetcrotiophic cornmunit\ IS 

pnn ia i i l \~  dependent on autochthonous organic 
mattcr and belo\\ M hicli it is primarlI\ depcn- 
dent on allochtlionous organic matter" (L4e)rer 
1989) hlevcr (1989, equation 4) simplified the 
traniitional P/R equation to 

'Transitional P/R = 1 - (a + 4 k- 4 a k 

where a is thc fraction of GPP respired by pri- 
mark producers and k is tlie fraction of 'CP13 
respired in a reach (Rosenfcld and Mackav 
1987) Repoi ted ~ a l u e s  of a range from as low 
as 0 1 to as high as 0 5 and depend on the tvpe 
of plcints present (Meyer 1989) Howeler, the 
transitional P/R 1s fail ly insens~tive to a (Meper 
1989) We used a value of 0 44 because of the 
abundance of submerged ~ a s c u l a r  plants in the 
I I R  (Gr ubaugh et a1 1996) U s ~ n g  this \,slue and 
a k of 0 5 based on the physical propert~es of the 
LTlI and suggestions by Rosenfeld and Vackay 
(1987), we  calculated a transitional P / R  of 0 78 
Bascd on our regression of P/I i  with longitu- 
dinal p o i ~ t i o n  in thr, river, the LTR sliilti from 
allochthonous-bascd to autochthonous-based 
( I  e ,  I'/R = 0 78) 52 km down5trcam froin the 
r l \er  iource where the stream is 5th order Our 
annual C budget estimation also indicates that 
I< is hea~11y supported by p r l m a ~  y ploductlon 
at sites 3 and 4 The annual C budget in the LTlTii 
smitches troin a deficit to a surplus near this 
reach, pio\giding further support ot the longi- 
tudinal position of the allodithonous-autoch- 
thono~rs  transition Rosi-h4~irshall and LVallace 
(2002) found that r e l a t ~ l e  amounts of autochtho- 
~ i o u s  inateria! in bciithic macroin\ ertebrdtc guts 
117 the LT17 incieawd downstrcani to our 5th- 
order reach (sit(, 3), indicating that autocl-itiio- 
nous C lii\c~ly iupports  secondary production 
Stable isotope data indlcdte that autochthonoui 
production ma) be the primary wurce  of C for 
hlgher tl ophic Icvcls, ex en In iiet~rotropiiic ri\ - 
e r i  largcr tliLin 4th order ( I h o r p  and Delong 
1994, 2002) 

In conc lusion, streams exl-iib~t ch;lnges in or- 
ganic mattcr productiitn and balanc~'  as they 
floiv frorn head\\ aters to ri\ ers Mid-sired 
streams (small ri\ers) in temperate d ( ~ i d u o u s  
foresti  represent tr,insition zones from highly 
lietcrotropliic liead\vater itreanis to autotropl-iic 
rlvers M'e demonstrated longitudinal patteini 



of r n e t a b o l ~ i t r i  o lc r  a 4 th-  to 6 t h  o r d e r  r a n g e  of 
i t r e a m s  to locatc t h e  transition f r o m  l ic te ro t io-  
ptiy to a u t o t r o p h )  a l o n g  a rive1 c o n t i n u u m  Pills 
ti ans i t ion  ~2 a s  60 i \ l ~ i  t r o m  t h e  rr\ ci s o u r c e  
rn h ~ r e  t h e  1 TI< 15 6 t h  order  H o n e v e r ,  e s t i m a t e s  
ot the  t i a n i ~ t i o n a l  P / R  s u g g e s t  that  s e c o n d a r ~  
p r o d ~ i c t i o n  15 s u p p o r t c d  b y  a u t o c h t h o ~ l o u s  C 
sources  n r h c . ~ e  the  127111 is 5 th  o l d e r  10 k m  u p -  
s t i r a m  of t h e  htlterotroph~c-autotroyh~c t r a n i ~  
t ion  ~ ' i u t o i h t i ~ o ~ ~ o u s  C s u p p l c  Lvas h i g h e r  t h a n  
lnpiit of c o ~ ~ i t >  orgnnlc  mate i ia l  f r o m  d i r e c t  Ilt- 
ter  tall a n d  t loodpla in  ~ l ~ t e r a c t i o n  in t h e  LTii, 
and the  i m p o r t a n c e  of p r i m a r y  p r o d u c t ~ o n  in-  
c rea<ed  a t  d o ~ \ ~ r i i t r e a m  si tes  H o w e ~ e r ,  (;PI', lit- 
tc.1 fall, a n d  f l o o d p l a ~ n  i n p u t s  do n o t  a c c o u n t  for 
al l  the  C r e q i i ~ r e d  t o  s u p p o r t  e c o s v s t e ~ n  resp l -  
rat ion 'jt m o s t  s i tes  In t h e  r iver  M a n y  o t h e r  pos- 
i i b l e  s o u r c e s  of C ha\  e n o t  b c c n  s t u d i e d  In thls 
r l \ e r ,  a n d  t u t u r e  rcsea lch  wi l l   qua^ t i l l  these  C 
f luxes a n d  their  ~ m p o r t a n c e  t o  t h e  LTR 
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